I. Introduction
The prospect of rising U.S. interest rates has focused attention on the response of the dollar to changes in monetary policy expectations, especially given some evidence that the dollar has become more responsive to policy surprises during the post-crisis period. For example, Federal
Reserve Board Governor Brainard stated that "changes in expectations regarding the path of policy in the United States relative to other major economies lead to exchange rate movements that appear to be several times bigger than they were several years ago," 1 and linked this behavior to research suggesting that this is the "byproduct of an economy operating near the effective lower bound where the ability to provide additional support in response to negative shocks is limited." (2016), Glick and Leduc (2013, 2015) , Hausman and Wongswan (2011) , Kearns and Manners (2006) , Rogers et al. (2015) , and Rosa (2011) .
Summarizing our main results, our estimates suggest that historically the dollar has appreciated between 2.5 and 5 percent against most other currencies following a 100 basis point surprise increase in U.S. monetary policy expectations. The reaction of exchange rates to changes in the difference between U.S. and foreign expected policy rates following announcements by foreign central banks is a similar magnitude, and in some cases even greater. This sensitivity of the dollar to changes in monetary policy expectations varies across currencies and measures of policy expectations, as well as across time. We leave further study of the variation over time to future research.
II. Exchange Rate Reaction to Unexpected Changes in Monetary Policy Expectations
If a policy move is consistent with market expectations, this information should already be incorporated into exchange rates, and policy rate changes which were consistent with expectations should have little impact on the exchange rate. In contrast, unexpected increases in the differential between domestic and foreign interest rates will cause the domestic currency to appreciate. The academic literature has attributed this appreciation to the increased attractiveness of domestic assets, which attract foreign capital inflows (Dornbusch (1976 ), Frankel (1979 , and Eichenbaum and Evans (1995)).
The usual starting point for studying the relationship between exchange rates and interest rates is the theory of Uncovered Interest Parity (UIP), which states that the expected nominal dollar returns from investing in two similar bonds denominated in different currencies should be equal to each other:
where X is the exchange rate (expressed as foreign currency per dollar) at time t in k years, and if,t and id,t are the annualized holding period return on foreign and domestic interest rates, respectively.
Taking logs of the UIP equation and adding the assumption that the nominal exchange rate is mean-reverting yields a model in which if there is a shock that causes U.S. interest rates to rise, then the dollar will immediately appreciate by an amount proportional to the change in the interest rate differential:
The quantity in parenthesis is the unexpected change in interest rate differentials over the event window, or the "surprise" dS.
To estimate equation (1), we regress the change in exchange rates on interest rate surprises following FOMC announcements:
where dXi is the log change in the exchange rate i, dSj is the change in policy rate expectations ("surprise") estimated using changes in interest rate or interest rate differential j, and ϵi is an error term. A positive value of dXi represents appreciation of the base currency (usually U.S. dollars), and a positive value of dSj represents an increase in the differential between base currency interest rates and foreign rates ("interest rate differential"). Equation (1) suggests that β (the "sensitivity")
should be positive. In our estimation, β is scaled to represent the percent change in the exchange rate corresponding to a 100 basis point increase in expected policy rates; in other words, β equal to 1 means that on average the dollar appreciates by 1 percent following a 100 basis point surprise.
Data and Methodology
We estimate equation (1) 
Dollar Sensitivity to Changes in OIS Forward Rates
Figure 1 plots movements in the Federal Reserve Board's advanced economy dollar index on FOMC announcement days, against changes in short-term policy rate expectations as measured by movements in USD OIS forward rates. There is a wide range of past experience, with exchange rates occasionally depreciating in response to increases in expected policy rates as well as appreciating much more strongly than average.
Consistent with theory, the slope of the regression line through the data in Figure 1 is positive. The slope of this line is shown in Table 2 , which also includes estimates of equation (2) for other exchange rates using movements in the forward USD OIS rate as the surprise. As hinted at in the introduction, the dollar appears more sensitive to changes in policy expectations in the post-crisis period, shown in the bottom half the table. The estimated β is higher for every index and currency, and many of the differences are statistically significant. For example, the sensitivity of the advanced index rises to almost 5 percent appreciation for a 100 basis point increase in the OIS forward rate. For the other exchange rates, the sensitivity ranges from 2.2 to 6.3 percent per 100 basis points. There is a discussion of the higher sensitivity in recent years in Section III.
Dollar Sensitivity to Changes in OIS Differentials
Measures of dollar sensitivity based on changes in OIS forward differentials are larger than estimates based on changes in USD OIS forward rates alone because of cross-border policy rate spillovers. Table 3 shows the results of estimating equation (2) using the change in OIS forward differentials as the surprise measures. In the first column we use our AFE weighted exchange and policy rates. In the other columns we use bilateral exchange rates and the change in the difference between the USD and individual foreign currency rate OIS rate as the surprise.
The cross-border spillovers result in smaller changes in the policy differentials than changes in USD OIS rates alone, as some of the U.S. policy surprise is offset by corresponding movements in policy expectations abroad. As a result, the estimated β's in Table 3 are higher than those in Table 2 because the surprise measure used in the estimation includes the offsetting foreign surprise. For example, the advanced index is estimated to appreciate about 6.7 percent following an unexpected 100 basis point appreciation of the USD -AFE OIS differential, higher than the estimate of 4.8 percent in Table 2 which does not include the AFE OIS offset. There are also increases in the sensitivities for the individual AFE currencies, though the increase is statistically significant only for the Canadian dollar.
Using this machinery, we also examine the reaction of exchange rates to unexpected changes in policy rates associated with foreign central bank announcements. We find that for some countries the reaction of the bilateral dollar exchange rates to foreign policy surprises, in Table 4 , is stronger than the reaction of those exchange rates to FOMC-related surprises. Because exchange rate changes are still measured from the U.S. dollar perspective, a negative β means the dollar depreciates following a widening of the spread between foreign and USD OIS forward rates. The β estimates for the sensitivity to the change in the foreign currency-USD OIS forward differential, shown in the right columns, is over -8 following Bank of Canada announcements, and almost -9
following European Central bank announcements. We are studying this strong sensitivity of the dollar to foreign central bank announcements in ongoing research.
III. Variation in the Dollar Sensitivity over Time
As noted in the introduction, communication by Federal Reserve officials has drawn attention to time variation in the sensitivity of the dollar to changes in monetary policy expectations. This can be seen in Figure 2 , which plots the β from equation (2) The variation in sensitivity could be the result of structural breaks in the relationship between exchange rates and policy expectations, which we test for using a supremum Wald test (Andrews (1993)). A significant test statistic indicates that the null hypothesis of no structural break is rejected. When the USD OIS forward rate is the surprise measure, in the top half of Table 5 , the Wald test statistics indicate the presence of a statistically significant structural break in β for the three dollar indexes, and the euro, yen and Korean won bilateral exchange rates. Most of the significant breaks occurred in late 2008 during the peak of the global financial crisis, and for all the significant breaks the values of β in the post-break periods are statistically significant and larger than the pre-break β's.
In addition to structural breaks around the beginning of the financial crisis, for a couple of currencies we also find structural within the post-crisis period. In the bottom half of Table 5 we test for structural breaks after 2010, using OIS differentials as the surprise measure. There are significant structural breaks for the British pound in June 2011 and the Canadian dollar in June 2015. 6 Unlike the top half of the table, the β estimates are not higher for the post-break period. We also tested for a structural break in June 2014 when the dollar began a multi-month run of appreciation, using a Chow (1960) test for equal coefficients before and after the break. In results not shown, the break was not statistically significant for any currency except the Korean won.
In sum, there appears to be a break in the relationship between changes in exchange rates and monetary policy expectations at the start of the crisis, with a higher sensitivity in the postcrisis period. Several explanations have been put forward for this increased sensitivity, but there is no consensus on the cause, and previous periods of heightened sensitivity did not persist. 
IV. Two Applications
We conclude with two applications. First, we use the estimation results to predict the response of exchange rates to changes in interest rates over longer time horizons. Between June 2014 and June 2017 the dollar indexes appreciated about 20 percent (Table 6) . During this period, the cumulative change in the advanced economy interest rate differential was 109 basis points.
Applying the β equal to 3.41 from Table 2 ), implies that policy surprises could push the dollar higher against the AFE currencies by 4¾ -6¾ percent over the following 2 years. That said, the previous analysis has shown that in practice the exchange rate will be pushed around by many other factors, so the actual exchange rate movements could be much different. Notes: Estimation on domestic central bank event dates using robust regression. Positive γ means there is a positive covariance between changes in foreign and domestic OIS rates on domestic central bank announcement dates. ***, ** and * denote significance at the 1%, 5% and 10% level, respectively. Notes: The surprise Sj is the change in the forward USD -AFE OIS differential for the advanced index, the USD OIS rate for the emerging index. The sensitivity β is from Table 2 for the full sample. 
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